A regioselective monoamidation of furan-2,5-dicarboxylic acid using O- (benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate is presented. The excellent regioselectivity in favour of activated monobenzotriazoyl ester as a intermediate is achieved by gradual addition of a coupling reagent into a dilute solution of furan-2,5-dicarboxylic acid and N,Ndiisopropylethylamine in dimethylformamide. Divided crude reaction mixture is used directly in the subsequent coupling reactions with benzylamine, diethylamine, piperidine and aniline, respectively. Four representative monoamides are prepared and isolated in very good yields 73-82%. Traces of symmetric diamides were also detected, however never in isolable amounts.
Introduction
An increasing demand for the production of organic compounds from renewable resources, as a suitable alternative to fuel-based raw materials, requires the development of new technological processes applicable in the synthesis of essential building blocks. 1, 2 The pre-extraction of hemicelluloses offers an interesting economic opportunity to the pulp and paper industry, 3 affording chemicals that could be further converted into a wide variety of high value-added products. [4] [5] [6] Furan-2,5-dicarboxylic acid (2,5-FDCA, 1, Scheme 1) is a strategic chemical with high potential in the polymer industry. It is considered to be a excellent replacement for terephthalic acid, 7 being a bio-based monomer precursor readily accessible from polysaccharides or sugars. New types of polymeric material derived from diesters of 2,5-FDCA exhibit qualitative properties comparable with poly(ethylene terephthalate). Moreover, they are more easily environmentally degradable. [8] [9] [10] The production of 1 is usually based on processes including the conversion of hexoses under acidic conditions at higher temperatures 10, 11 and various oxidation reactions of 2,5-disubstituted furans, mainly 5-(hydroxymethyl)furfural. 10, 12, 13 published, but these are amongst the less convenient procedures. 
Results and Discussion
Considering the high importance of 2,5-FDCA monoamides, we undertook a search for better and synthetically shorter methods for their preparation than the above-mentioned multistep procedures. In this paper, we report on a convenient regioselective monoamidation of 1, using
The use of TBTU 33 as a highly potent amide coupling reagent is well-documented and has often been applied, mostly in medicinal chemistry. It is commercially available and can activate carboxyl groups under mild reaction conditions. The idea of selective monoamidation of symmetric aromatic and heteroaromatic dicarboxylic acids has attracted attention before; [34] [35] [36] [37] however, a general method is still lacking. To the best of our knowledge this is the first report of 2,5-FDCA monoamides being obtained directly and in good yields from the initial dicarboxylic acid. In the search for optimal reaction conditions we systematically varied different reaction parameters, such the amount of TBTU, the speed of its addition, the excess of commonly recommended DIPEA (N,N-diisopropylethylamine), 38 the concentration of the reaction mixture, and the reaction temperature. Finally, we found that slow dropwise addition of TBTU solution in DMF at room temperature and a dilute reaction mixture resulted in regioselective reaction. A larger excess of DIPEA (3.5 equiv) and 1.2 equiv of TBTU seemed to be essential for the reaction completion (Scheme 2). It is noteworthy that TBTU activates a carboxylic group almost immediately to form 3.
Scheme 2. Regioselective activation of 2,5-FDCA 1 with TBTU 2.
The crude reaction mixture was used directly in the subsequent coupling reaction with an amine because of the expected instability of 3 during any separation process. For investigation we selected four representative amines, three aliphatic amines, benzylamine (4a), diethylamine (4b) and piperidine (4c), and aniline (4d) (Scheme 3). The nucleophile was added in one portion and the mixture was stirred at room temperature for 2 hours. After standard work-up, involving acidification with aqueous HCl and the extraction into ethyl acetate, the combined organic layers were washed with brine instead of water to reduce loss of the product from the acetate solution. The monoamides 5a-d were isolated by flash column chromatography on silica gel (CH 2 Cl 2 /CH 3 OH/CH 3 COOH, 7:1:0.1) in good yields (73-82%). Their structures were particularly assigned based on the multiplicity and coupling constants of the protons H-2 and H-3. In all cases we observed two doublets in the range 7.90-8.15 ppm with coupling constants J 2,3 ~3.5 Hz); the same protons of 2,5-FDCA occur at 7.28 ppm as a singlet (DMSO-d 6 ). Asymmetric structures of the monoamides 5a-d were confirmed by observation of two distinct signals for the carboxyl and amide groups.
Scheme 3. Synthesis of furan-2,5-dicarboxylic acid monoamides 5a-d.
Regarding consecutive amidation: we did not isolate significant amounts of the symmetrical 2,5-FDCA diamides. Less polar fractions usually contained traces of such by-products, detected by HPLC-MS, but never in isolable yields.
Conclusions
In conclusion, we successfully achieved regioselective monoamidation of 2,5-FDCA 1 using TBTU (2). We found that excellent regioselectivity in forming the activated monobenzotriazoyl ester 3 was achieved by dropwise addition of a TBTU solution in DMF into a dilute solution of 1 in the same solvent containing DIPEA at ambient temperature. The use of 3.5 equiv DIPEA and 1.2 equiv. of TBTU is important for complete conversion of the substrate 1. Devided crude reaction mixture was used directly in the subsequent coupling reactions with benzylamine, 1H-1,2,3-Benzotriazol-1-yloxy) carbonyl]furan-2-carboxylic acid (3) . To a stirred solution of 2,5-FDCA 1 (1.2 g, 7.69 mmol, 1 equiv) in anhydrous DMF (32 mL) was added DIPEA (3.54 mL, 26.92 mmol, 3.5 equiv.), the reaction flask was flushed with argon, and the solution of TBTU 2 (2.96 g, 9.23 mmol, 1.2 equiv) in anhydrous DMF (18 mL) was added dropwise at ambient temperature over one hour. After the mixture was stirred for an additional hour, the solution of 3 was divided in four equal portions, and each of them was used in the next reaction with a corresponding amine. General synthetic procedure, exemplified by 5-(benzylcarbamoyl)furan-2-carboxylic acid (5a). To a DMF solution of activated monobenzotriazoyl furoate 3 from the previous reaction (1.92 mmol, 1 equiv), benzylamine 4a (411 mg, 419 µL, 3.84 mmol, 2 equiv.) was added in one portion and the mixture was stirred at r.t. for 2 hours under argon atmosphere. Afterwards the mixture was cooled in an ice-bath, HCl (2 N, 10 mL) was added and the product was extracted with ethyl acetate (3 × 15 mL). The combined organic layers were washed with brine, dried over MgSO 4 , and the solvent was evaporated under reduced pressure. The product was isolated by flash column chromatography (CH 2 Cl 2 /CH 3 OH/CH 3 COOH, 7:1:0.1). 
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